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STICKFORCESANDDISPLACEMEITPS

DESIRABLEDURINGlT#LCKING

~ StanleyFaber

SUMMARY

A qualitativestudyhasbeenmadeby useofenairplanesimulator
withonedegreeoffreedom(pitch)todeterminethelongitudinalstick
forcesanddisplacementsdesirableduringtracking.Inthesimulator
theoperator,or subject,wasstationaryand,therefore,wasnotsub-
jectedtoanyoftheforcesandm&ionsassociatedwithairplaneaccel-
erationsthatoccurinactualflight.Thesetestsarea continuation
ofthoseofNACATechnicalNote3428andwereperformedwiththesame

b simulationequipment.Forthepresentteststhisequipmentwasmcx3i-
fiedtogivea betterrepresentationofthepitchresponseof anair-
planeandalsoto givethesubJecta trackingtaskwhichbettersimulated

* air-to-airtracking.

Themodifiedsimulatorwasusedto reexaminea phaseoftheprevious
studyandtoexpandtheseteststotwootherconditionsof airplane
-= “ Theconditionsinvestigatedwerean airplaneundampednatural
frequencyof 1/2cpswithdampingratiosof 0.8and0.18ad am airplane
undampednaturalfrequencyof1 cpswitha dampingratioof O.11.
Additionally,limitedtestsweremadetodeterminetheeffectson
trackingperformanceofviscousandstaticfrictiononthestick.

Fora heavilydampedairplane,lowlongitudinalstickforcesand
displacementsaredesirable.Thisconclusionisinagreementwiththe
resultsofNACATechnicalNote3428.Forthelightlydampedairplanes,
nmderatelongitudinalstickforcesanddisplacementsaredesirable.
Viscousdampingonthestick,whichwastestedonlyfora lightly
damped,low-frequency(1/2cps)airplaneconfiguration,causeda decrease
intrackingperformsmce.Staticfrictiononthestick,whichwastested
onlyfora heavilydsmped,low-frequency(1/2cps)airplanecotiigua=
tion,alsocauseda slightdecreaseintrackingperformance.
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INTRODUCTION

Theuseofpower-actuatedcontrolsurfacesandmechanicalfeel
systemsinpresent-dayairplaneshasgiventhedesignera greaterflexi-
bilityintheselectionoftheamountof stickforceandstickdisplace-
mentrequiredtoproducea givenairplaneresponse.Littleinformation
hasbeenavailable,however,onthecontrol-stickcharacteristicsdesir-
ablefromthestandpointofaccuracyandeaseof control.Inorderto
providesomepertinentinformation,a devicewasconstructedwhich
simulatedthelongitudinal-controlproblemthatexistswhena pilotis
tryingtotracka targetairplane.prelaina~resultswiththestiula-
torwerereportedinreference1 andindicatedthat,fortheonecondi-
tionofairplanedynamicssimulated(anaturalfrequencyof1/2cpswith
a dampingratioof0.8),thebesttrackingperformancewasobtained
withthesmallestobtainablevaluesof stickforceandstickdisplace-
mentperunitresponse.A somewhatsimilarseriesoftestswerereported
on inreference2 whichshowedthat,fora near-rigidstick,anoptimum
forcegradientexistedand,fora freestick,anoptimumdisplacement
gradientexisted.However,theresultsarenotdirectlyapplicableto
airplaneconditionsbecausenoresponsedynamicswereincludedinthe
testsofreference2.

Thetrackingsimulatorhasbeenusedinthepresentstudyto ●

reexaminea phaseofthestudyofreference1 andalsotoextendthese
teststotwootherconditionsofairplanedynamics,theselattercondi-
tionsbothbeingcharacterizedby lightdamping.Forthepresenttests

D

theequipmentwasmodifiedto givea betterrepresentationoftheair-
planepitchresponseandalsotogivetheoperatora trackingtaskwhich
bettersimulatedtheconditionsofair-to-airtracking.Inaddition,
limitedtestsweremadeto investigatetheeffectsofviscousandstatic
frictiononthestickofa nonflexiblecontrolsystem.

APPARA!KJS

Simulator

A one-degree-of-freedom(pitch)simulatorwasusedinwhichonly
thedisplaymoved;thatis,theoperatorwasstationaryandwasnot
subJectedto anyforcesandmotions.A photographof thesimulator
isshowninfigure1,anda diagrammaticsketchof itisshowninfig-
ure2. Thedynamicsofthesimulatorandofthetrackingproblemare
basedon constantairspeedandconstanttargetrangewithnophugoid
mode.
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w Thesimulatorconsistedofa controlstation,anairplane-dynamics
analog,a tracking-problemgenerator,a gustgenerator,anda display.
Thecontrolstationconsistedofa fixedseatanda controlwheeland

u column.Thiscolumnwasconnectedwithadjustablegearingtoan
‘~elevator”bar. (Seefig.2.) Thiselevatorbarwasconnectedtothe
inputof a ball-and-diskintegratorandalsoby a pushrodto a
“summation”barwhichsummedthissignalwiththeoutputof theinte-
grator.Momentstotheanalogwereintroducedthrougha springby
deflectionofthesummationbar. Theanalogof theairplanewasthe
mass-spring-dashpotsystemdiscussedfullyinreference1. Thenatural
frequencywasadjustedbypositioningtheweightsandspringsofthe
analog,smdthedampingratiowasadjustedby selectingtheproper
dampingfluid.TheInertiaofthecontrolsystemforthetestsidenti-
fiedsubsequentlyasgroups1,3,A 4was2 slug-feet2aboutthecolumn
pivot. Forthetestsidentifiedsubsequentlyasgroup2,theinertia
wasontheorderof1/4slug-feet2.Thelengthofthecolumnfrompivot
tohandgripswas33inches.

Thisarrangementof thecontrollinkagesdifferedfromthatof
reference1 intheuseof’theintegratedsticksignals.-Themotions
ofthesimulatedairplaneinresponseto controlapplicationsforthe
equipmentasusedinreference1 didnotduplicatethoseof conventional
airplanes.Thedifferencewasthat,forsteady-stateandlow-frequency
stickmotions,thesimulatorinreference1 wouldproducea givendis-
placementoftheairplaneanalogor,ineffect,a givenpitchangle.
Onmostairplsnes,thesestickmotionswouldproducea givennormal
acceleration(ifconstantairspeedisassured).Thisnormalaccelera-
tionshowsupvisuallyto thepilotasa continuallyincreasingpitch
angle,withthepitchratebeingproportionaltothenormalaccelera-
tion.At higherstick-nmtionfrequencies(ontheorderof,orgreater
than,one-halfthenaturalfrequencyoftheshort-periodoscillation
oftheai?@ane),theairplanepitchresponseendthatof thesimulator
of reference1 becomemorenearlythesame. Inorderto improvethe
simulationatlowstick-motionfrequencies,thesimulatorlinkageswere
modifiedforthepresentteststo includea devicewhichwouldintegrate
thestickmotionsandcausethesimulatedairplanetorespondtoboth
theintegratedanddirectstickmotions.Withtheadditionofthe
integratedsignals,thesimulated-airplaneresponsecanbe madeto corre-
spondexactlyto thepitchresponseof am idealizedairplaneat all
frequencies.Theseintegratedsignalsareidentifiedinthetextas
theratiooftherateof changeofflight-pathangletoangleof attack.

Thetrackingproblem,or task,giventhesubjectalsodifferedfrom
thatofreference1. Thetask,simulatedair-to-airtracking,consisted
oftrackinga randomlymovingtargetandregulatinggusty-airdisturb-
ancesat thesamethe. Thesetaskshadbeentreatedseparatelyinref-
erence1. Themotionsofthetargetwereproducedby a camas shown
infigure2. Thecamwasdesignedtoprovidea verticaltargetmotion
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formedby thesunmationofthefirst24harmonicsofa sinewavein ti
whichtheharnmnicsweresunmedwithrandomphasing.Inordertobe
consistentwithmotionsexperiencedinflight,theamplitudesofthe
variousharmnicswerevariedinverselyasthefrequencyoftheharrrx)nic. b
Thecamwasdrivenat1 rpmandproduceda frequencycontentinthe
targetnmtionof1/60to 2/5cps. A timehistoryofthetargetmotion
isshowninfigure3(a).

Thegustdisturbanceswerepitchingmomentsproducedby a motor-
drivencamandwereintroducedtotheanalogthrougha secondspring.
(Seefig.2.) Thiscamwasalsodesignedby summingthefirst24har-
monicsofa sinewaveatrandomphasing.Inordertomakethegust
intensityconsistentwiththatexperiencedinflight,theamplitudes
ofthevariousharmonicswerevariedinverselyasthesquareofthe
frequency.(Seeref.3.) Thecsmwasdrivenat1/5 rpmandproduced
a frequencycontentof1/12to 2 cps. A time-historyrepresentation
of theshapeofthegust-generatingcamis shownInfigure3(b).

Sincethemotionsofthesimulatedairplaneinresponsetothe
gustdisturbanceswouldbe affectedby theparticularairplanedynamics,
especiallydamping,anarbitrarystandardwassetfortheairplane
nmtion.Thestandardwasthatthemaximumexcursionsofthe“ai~lane”
duetogustinputswouldbethesameforanyandallconditionsofair-
planedynamics.Calculationsmadeaftercompletionofthetestsindi-

.

catedthat,withtheaforementionedstandard,theheavilydampedair-
planewouldbe experiencingsomewhatstrongerguststhanthelightly .
dampedairplane.

Thedisplaywasproducedby a light-barpro~ectormd mirror
arrangementas showninfigure2. ThesubJectsittinginthe‘tcockpit’f
sawtwohorizontalbarsof lightpro~ectedona blackenedwallapproxi-
mately12feetinfrontofhim. Motionsoftheairplane-dynamics
analogweredisplayedby onebar,andtargetmotionwasdisplayedby
theother.Inoperationthesubjectattemptedtokeepthetwobarsof
lighttogether.Inordertogivethesubjectanappreciationofthe
magnitudeofthetrackingerror,a fighter-ai~lanesilhouettewas
superimposedon thetarget-lightbar. Withtheassumedrangeof
500yards,thefuselage silhouettesubtendedanangleattheeyeof
thesubJectof approximately6 roils,andthetailheightsubtendedan
angleof a~roximate~16roils.Byusingthelightbarsasa refer-
ence,thesubJectcouldbegintodetecta trackingerrorwhentheerror
reachedabout1 roil.Intermsofthissamevisualangle,thetarget
motionhada maximumexcursionof *6O(107roils),theairplanemotionin
responseto gustdisturbanceshada maximumexcursionof+4°(71rolls),
andthetotalrangeof airplanemotionwas*8° (142roils).
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Theaverageabsoluteerrorproducedby thetargetmotionwiththe
air@anemaintainedata neutralpositionwasequalto about~0roilsof
visuallysubtendedangle.Theaverageabsoluteerrorproducedby the
gustdisturbancesalone(notargetmotion)atallconditionsofairplane
_cs testedwasalsoaboutkomils. Withbothtargetmotionand
gustdisturbances,butwithno subjecteffort,theaverageabsolute
errorwasestibnatedtobeabout60nils.

As inreference1,thecharacteristicsofthestick-displacement
gearingandstick-forcegradientaredescribed,respectively,interms
ofthestatic-stabilityparametersdX8/da (stickdisplacementper
degreeofangleofattack)and dF8da (stickforceperdegreeofangle

/
of attack).Thesequantitieswereselectedforthetestsofreference1
becausethesimulatorresponsecloselyapproximatedtheangle-of-attack
responseofanairplsnethroughoutthefrequencyrange.‘hisclose
agreementwasespeciallytrueintheverylowfrequency,stick-motion
range.Inoperationofthesimulatorofreference1 andofthepresent
equipmentwiththeintegratoroff,thedeflectionoftheanalogin
responseto stickdisplacementwasassumedto correspondtotheangle
ofattackoftheairplane.Forthisreport,themeasurementbaseofthe
analogdeflectionisdefinedastheanglesubtendedby thedisplayat
thesubject’seye. Thisdefinitionofmeasurementbaseisdifferent
fromthatofreference1 andgivesangularvaluestwicethoseof
reference1.

RecordingSystem

Electronicinstrumentationwasusedto obtaintheaverageabsolute
trackingerror.Thisinstrwnentationsystemuseda differentialtrans-
formertomeasurethetrackingerror.Theoutputofthetransfo-r
wasamplified,rectified,andputintoa low-inertia,direct-current
motorin sucha waythatthespeedofthenmtorwasproportionalto
theerror.By countingthetotalrevolutionsofthemotorovera
givenlengthoftime,theaverageabsoluteerrorduringthetestwas
obtained.A photocellnetworkandanelectroniccounterwereusedto
obtainthenumberofrevolutionsofthe motor.Withthisinstrumenta-
tionthesubject’sperformancewasknownimmediatelyuponconclusion
ofa test.

Duringtwoofthegroupsoftests,identifiedsubsequentlyas
groups1 and3,a componentof thisinstrumentsystemactedina some-
whaterraticmanner.Theeffectoftheerraticoperationwasa nonlinear
calibrationchangeandan increaseinthescatteroftheindividual
testpoints.Thiserraticoperationdidnotprecludethedetermina-
tionof desirablegradientsandgearings.Theonlylimitationonthe
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dataof groups1 and3 isthatthedatacannotbe conpreddirectly
withthedataoftherestofthereport.

TESTS

Theinvestigationcoveredfourgroupsoftestsand,becauseof’
differencesinsetup,eachgroupisdiscussedseparately.A totalof
ninesubJectswereused;however,allthesubjectsdidnotparticipate
inallthetests.Thetestsubjectsincludedbothpilotsandnonpilots.
Afterthesub~ectshadcompleteda learningphase,therewasno consist-
entvariationofperformancewithflightexperience.Becauseofthis
similarityofperformance,nooneisidentifiedinthedataastoflight
experience.Thetestprocedurewasforthesubjectto “fly”thesimula-
toratleastthreetimesateachoftheconditionsundertest.During
eachoftheseh-to+minuteflights,twol-minuterecordsofaverage
absolutetrackingerrorwereobtained.Sinceno timewasrequiredto
reducethedata,anynumberofadditionalflightscouldbemadeandthe
databe instantlycomparedsothatitcouldbe determinedwhenthe
subjectwasoperatingata constantleveloftrackingperformance.
Generally,oneor,atthemost,twoflightsweresufficientto complete
thelearningphase.

Group1

Thetestsofgroup1 weremadewiththeintegratedstickmotions
andwiththecombinedtargetandgust-inputtrackingtask.

—
Thechar-

acteristicsoftheairplanewerethesameasthoseusedinreference1
withtheadditionoftheintegratedsignals.Thesecharacteristics
wereanundampednaturalfrequencyof1/2cps,a dampingratioof 0.8,
anda ratioofrateofchangeofflight-pathangletoangleofattack
of2.8deg/sec/deg.Alsotestedwiththisairplanewasa dan@.ng
ratioof0.18.Thetestsweremadeattwostick-forcegradientsdl?sjda
of 1/2and1Alb/degattwostick-displacementgearingsdXs/daof 0.01

2
(almostnonmoving)and0.10in./deg,respectively.Aswasdescribed
previously,therecording-systemoperationwaserraticforthisgroup.

Group2

Thetestsofgroup2 werealsomadewiththeintegratedstick
motionsandthecombinedtargetandgust-inputtrackingtask. The
characteristicsoftheairplanewereanundampednaturalfrequencyof
1 cps,a dampingratioofO.11,anda ratioofrateof changeof

.
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flight-pathangle
ratiocorresponds

7

to -e ofattackof0.9deg/sec/deg.Thisdamping
to a dsmpingof1/2amplitudeh 1 cycle.h these

teststhestickgearingwasvariedfromnearrigidtothecasewhere
dX~/dawas1/6in./deg.Thetestsweremadebyusinga constantstick-
forcegradientdFs/daof1/2lb/deg.Resultsarepresentedforboth
thecaseinwhichtwohsmdswitharmsunsupportedwereusedandthecase
inwhichonehandwiththewristorarmsupportedwasused. Thislatter
casewasintendedto
Thetestsof group2
column.

simulatetheuseofa side-locatedcontroller.
werem&dewiththelow-inertiacontrolwheeland

Group3

Thetestsofgroup3 werealsomadewiththeintegratedstick
motionsandthecombinedtargetandgust-inputtrackingtask. Ws
groupoftestswasmde todeterminetheeffectsof a stickforcepro-
portionaltotherateof stickmtion (dampedstick)aswellasto
stickposition.Thecharacteristicsoftheairplanewereanundemped
naturalfrequencyof1/2cps,a dampingratioof 0.18,anda ratioof
rateof changeofflight-pathangleto eagleofattackof2.8deg/sec/deg.
Thesmountof stickdampingtestedwas3 lb/in./secof stickvelocity.
Twovaluesof stick-forcegradient,1/2and1*lb/deg,wereusedwith
a constantvalueof stick-displacementgearing,0.10in./deg.As
describedpreviously,therecording-systemoperationwaserraticfor
this~OUp.

Group4

Thetestsof group4 weremadewiththesimulatorasdescribedin
reference1;thatis,theintegratedstickmotionswerenotusedand
thetaskconsistedoftrackingJusttargetmotions(nogustinputs).
As inreference1,thetargetmotionsincludeda largeproportionof
high-amplitude,high-frequencymotions.Thecharacteristicsofthe
airplanewereanundampednaturalfrequencyof 1/2cpsanda damping
ratioof0.8. Thesetestsweremadetodeterminetheeffectof static
frictiononthecontrolstick.ForcegradientsdFs/daof O,5/6,
=d ~ lb/degweretestedat a gearingof1/6in./degwithstatic-
frictionforcesof fl,*5,andi10pounds.
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RESULTSANDDISCUSSION #’

As hasbeennotedpreviously,thesubjectofthesimulatorwas
notinfluencedby themotionsoftheairplaneashewouldhavebeen
inactualflight.As a resultthesubjectdidnothavetheaccelera-
tionandratecueshenormallywouldhave,and,also,theeffectsof
accelerationinproducingmotionsofpartsofhisbody(whichinturn
couldproduceinadvertentcontrolmotions)werenotpresent.These
effects,orratherthelackof them,mayhavean importanteffecton
thetrackingerrors.Nevertheless,basedontheadaptabilityofthe
humanandonthesuccessfuluseofsimilarsimulationequipmentin
groundtestsofairplanecontrolsystems,thetrendsobtainedfrom
thisinvestigationareexpectedtoapplyto flightconditions.This
assumptionstillrequiresproofby sbilartestsperformedinflight
or innmreadvancedsimulators.

A factorthatwasfoundtoaffectthegenerallevelofthe
trackingperformancewasthemotivationor interestofthesubjectas
wasdemonstratedearlyinthetestprogramofthisreport.Thetests
ofreference1 useda recordingsystemwhichrequiredcomplicateddata
reduction,andthesubjectoftenwentcompletelythrougha testseries
withoutknowinghis“score.”Inthepresentteststhesubjectknew
hisscoreimmediatelyuponcompletionofa testrun,andthegeneral
levelofperformanceofthesubjectswas30 to50percentbetterthan
thatinthetestsofreference1. As a furtherdemonstrationofthe
effectofthesubject’sinterest,itwasnotedthat,whenevertwo
subjectsbegancompetingwithoneanother,theirperformancelevel
improvedby about50percent.Duringthetestprograman effortwas
madetoeliminatethisfactorofcompetitionandtomaintainthe
individualinterestat-a constantlevel.Also,thetrendsofa series
oftestswerealwaysdeterminedfromatleasttwosubjectswiththe
averageperformancebeingusedtoevaluatea changeinconfiguration.

Theresultsofthetestsarepresentedinfigures4 to I-1interms
oftheaverage(absolute)trackingerrorof selectedsubjectsateach
condition.Theselectedsubjectswerethosewhohadtakentestdata
atallconditionsinanygivenseries.Alsoshowninthefiguresare
trendMnes indicatingtheaverageperformgaces.Whereonlyonesubject
hadtestdataatallconditionsofa givenseries,notrendlineis
shown. Thetest-pointsyntmlshavebeenkeptconsistentthroughout
thereport;thatis,a givensubjectisrepresentedbythesamesymbol
inallthefigures.

u

.

.

.

.
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Group1

●

✎

Theresultsofthetestsofgroup1 whichrepeateda phaseofthe
testsof reference1 areshowninfigure4. Thesetestswereconcerned
withtheeffectof stickgearingon theaveragetrackingerrorfora
heavilydamped,low-frequencyairplane.Theresultsshowthattracking
witha verylowstick-displacementgearing,0.01in./deg.,wasabout
20percentbetterthantrackingwitha gearing10timesas large,
0.10in./deg.Thistrend,thistimewiththecompletesimulationof
thepitchresponse,isthesameas thatnotedinreference1.

!t!heresultsofthetestswiththesamelow-frequencyairplanebut
withlightdampingareshowninfigures5 and6 fortheeffectsof stick-
displacementgearingandstick-forcegradient,respectively,onthe
averagetrackingerror.Figure5 showsthat,forthelow-forcegradient,
increasingthegearingfrom0.01to 0.10in./degimprovedthetracking
performmceby about25percent.Forthehigh-forcegradient,little
ornoeffectonperformancewasproducedby increasingthegearing.
Figure6 showsthatincreasingtheforcegradientfrom0.52to1.5lb/deg
improvedtheperfomnanceby about15percent.Thisvalueisforthe
high-displacementgearing;however,thesinglesubjectforthelow-
displacementgearingshowsthesametrend.Theseeffects,theimprove-
mentintrackingperformancewithincreasedstickgearingandgradient,
arethereverseofthosefortheheavilydampedairplane(fig.k and
ref.1)andillustrateoneeffectof airplanedampingontracking
perfomsmce.

A moredirecteffectofairplanedampingratioon averagetracking
erroris shownInfigure7. Theresultsindicatethat,fora stick
gearingof 0.01in./deg,thetrackingperformancefortheheavilydemped
airplaneis100percentbetterthanthatforthelightlydampedairplane.
Thesinglesubjectoperatingatthehighgearing,0.10in./deg,shows
thesametrend.

Group2

Theresultsof thetestsofgroup2 areforthelightlydamped,
high-frequencysimulatedairplaneandareshowninfigure8. Theresults
indicatethat,overa rangeof stick-displacementgeari~sfrom
0.033in./degtothemaximumtested,0.160in./deg,theeffectof
gearingonaveragetrackingperformancewassmall.Thebestperformance
wasobtainedwithgearingintherangefrom0.10to 0.160in./deg.For
the“nonmoving”stick(agearingof 0.01in./deg)theperformancewas
muchpoorer,theerrorsbeingapproximately30percentgreaterthan
theaverage.Theseconclusionsmaybemadeforeitherthecaseinwhich
twohandswitharmsunsupportedwereusedorthecaseinwhichonehand
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withthewristorarmsupportedwasused,withlittledifferencebetween #
thetwocases.

.
Group3

Group3 ofthetestswasconcernedwiththeeffectontheaverage
trackingperformanceofhavinga viscousdamperonthestick,andthe
resultsareshowninfigure9 fora lightlydamped,low-frequencyair-
plane.Theresultsindicatethattheuseofa dampedstickdidnot
improvethetrackingperformance;infact,therewasa decreasein
accuracyofapproximately15percent.

Group4

Group~ ofthetestswasconcernedwith”theeffectontheaverage
trackingerrorofhavingstatic-frictionforceonthestick.The
resultsareshowninfigures10and11fora heavilydamped,low-
frequencyairplane.Theresultsshowninfigure10 indicatethat,at
a givenforcegradient,asthestaticfrictionwasincreasedthe
trackingperformancedecreasedslightly.Forexample,increasingthe
frictionfrom1 to 10poundsdecreasedtheaccuracyapproximately
17percent.Theresultsoffigure11 indicatethat,ata fixedvalue

.

of static-frictionforce,increasingthestick-forcegradientimproved
thetrackingperformanceslightly.Theseresultsapplyonlyforthe
caseinwhichthefrictionisatthecontrolstickandthecontrol

*

systemisrigid.Frictionina flexiblecontrolsystemor inthevalve
ofa power-actuatedcontrolsystemhasbeenshowntohaveeffectsthat
aremorepronounced.(Seeref.4.)

CONCLUDINGFUMARKS

A qualitativestudytodeterminethedesirablelongitudinalstick-
forcegradientsandstick-displacementgearingsduringtrackinghas
beenmadebyuseofanairplanesimulatorwithonedegreeoffreedom
(pitch). Theshulatorwasof themoving-displaytypej thatis,the
operator,or subject,wasstationaryandwasnotsubJectedtoanyforces
ormotions.ThesimulatorwasmodifiedfromtheoneusedinNACA
TechnicalNote3428to includea betterrepresentationoftheairplane
pitchresponseandtogivethesubJecta trackingtaskwhichbetter
shulatedair-to-airtracking.

Fora heavilydampedairplane,lowstickdisplacements(near
nonmoving)andlowforcegradientsaredesirable.Thisresultisin
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* agreementwiththatof NACATechnicalNote3428.Fora lightlydamped
airplane,moderateforcesanddisplacementsaredesirable.Forthe
lightlydampedairplane,theuseof a viscousdsmperonthestickcaused

* slightdecreasesintrackingperformance.Thepresenceof staticfric-
tiononthestickoftheheavilydampedairplanealsocausedslight
decreasesintrackingperformance.Theharmfuleffectof frictioncould
beminimizedby increasingtheforcegradient.

As a resultofthisinvestigationit canbe generallystatedthat,
fora heavilydsmpedairplsnesystem,theoperatordesireslowlongitu-
dinalstickforcesanddisplacementstogivea fasteraccelerationof
theresp&se;whereasfora lightlydampedairplanesystem,theoperator
desiresmoderatelongitudinalstickforcesanddisplacementsto discern
hisinputbetterinordertopreventovershooting.Artificialdevices
whichtendtopreventor restrictovershooting,suchasa viscousdamper
onthestick,donotappeartoholdmuchpromise,at leastnotforcontrol
systemssimilartothatusedinthissimulator.

LangleyAeronauticalLaboratory,
NationalAdviscnyCommitteeforAeronautics,

LangleyField,Va.,November20,1957.
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Figure4.-Effectof stick-displacementgearingonaveragetrading
errorfora simulatedairplanewitha naturalfrequencyof
1/2cps,a dampingratioof0.8,anda ratioofrateof change
offlight-pathangletoangleof attackof2.8deg/sec/deg.
Group1.
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Figure5.-Effectof stick-displacementgearingonaveragetracking
errorfora simulatedairplanewitha naturalfrequencyof
1/2cps,a dampingratioof0.18,anda ratio-ofrateof change
offlight-pathangletoangleofattackof2.8deg/sec/deg.
Group1.
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Figure6.-Effectof stick-forcegradienton averagetrackingerrorfor
a simulatedairplanewitha naturalfrequencyof 1/2cps,a damping
ratioof0.18,anda ratioofrateof changeof flight-pathangle
to angleof attackof2.8deg/sec/deg.Group1.
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Figure7.- Effectofdampingratioon averagetrackingerror fora
simulatedairplanewitha naturalfrequencyof1/2cps,a stick-
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